Introduction
Among recently published models of ultra-high pressure (UHP) exhumation, some involve fast upward flow of low-resistance materials carrying small, resistant pods of eclogites (Shreve and Cloos, 1986; Platt, 1993) . In the case of the Dabie Shan, migmatitic doming has been proposed as a part of the exhumation history (Faure et al., 1999) . The deformation of the UHP province of the Western Gneiss Region (WGR) of the Norwegian Caledonides was analysed, revealing that a moderate partial melting has affected large portions of the gneiss early in their exhumation history.
Occurrences of coesite and microdiamonds in eclogite pods and country-rock gneisses from the WGR demonstrate an ultra-high pressure evolution (Smith, 1984; Dobrzhinetskaya et al., 1995; Wain, 1997) . The WGR is a heterogeneous complex with inclusions of granulites, gabbros and ultrabasites in a matrix of dominantly granodioritic gneiss.
Models for the exhumation of UHP rocks in Norway, incorporate buoyancy effects in the orogenic wedge to generate syn-collisional extension and exhumation (Andersen et al., 1991) , or changes in the plate kinematics (Rey et al., 1997) to producepost-collisionalextension (Fossen, 1992) . However, no consensus has been reached for the first stages of exhumation, mostly because syn-UHP structures have been largely erased during exhumation. Even if rocks locally preserve syn-UHP microstructures (Coleman and Wang, 1995) , most of the large-scale structures are indeed related to the late-orogenic extension and only explain the last part of the exhumation (i.e. the last 20-30 km). A regional study was undertaken north of the Hornelen Devonian basin in order to further constrain the tectonometamorphic evolution of this region during exhumation. This study reveals that the UHP province represents a crustal-scale boudin wrapped in gneisses that have undergone significant partial melting during decompression. The importance of partial melting has not been taken into account in previously published models, which commonly envisage the exhumation of the WGR as a rigid body. Along with the driving forces of exhumation of UHP rocks, the rheology of the exhuming crust itself is a major factor controlling the exhumation process.
Temporal relationships between eclogitization, partial melting, and deformation allow the migmatization event to be placed in the history of the WGR. The implications of a lowviscosity layer within the WGR during exhumation are discussed.
Geological setting
The WGR is an autochthon to parautochthon for the nappes thrust southeastwards onto Baltica during the Caledonian Orogeny (Roberts and Gee, 1985) . The region is composed of felsic gneisses that contain variably preserved m-to km-scale protolith lenses including granulites, gabbros and ultramafics, as well as lenses of metasupracrustal rocks. These enclaves have recorded the main stages of the regional P-T evolution (Krogh, 1982) . Several undeformed mangeritic pods preserve the proterozoic granulitic paragenesis, whereas others preserve their magmatic characteristics or show the prograde Caledonian HP evolution (Austrheim and Mørk, 1987, Krabbendam et al., 2000) . Mafic lenses often retain an eclogitic core rimmed by retrograde amphibolites. More than 20 occurrences of coesite in the Stadlandet area have led to the distinction of an UHP province (Wain, 1997) . Dating of HP and UHP rocks in the WGR indicate that the eclogitization occurred at 415-395 Ma (e.g. Terry et al., 2000) . Ductile strain of gneisses occurred in amphibolite facies conditions, so that they rarely ABSTRACT A field study in the coesite province, the deepest unit of the Norwegian Caledonides, gives new constraints on the rheological behaviour of the continental crust during exhumation. Lithological heterogeneities and differential retrogression led to crustal-scale boudinage during the late-orogenic intense E-W stretching event in the footwall of the Nordfjord-Sogn Detachment. The main gneissic lithologies display a modest but widespread syn-exhumation migmatization. Textural criteria allow estimation of a 30% fusion rate. Partial melting mostly postdates eclogitization and is synchronous with ductile stretching and top-to-west shearing. Presented observations suggest that the melt reactions and migmatization resulted in a soft rheology. During subduction to~100 km depth and subsequent exhumation, crustal viscosity can be reduced by up to four orders of magnitude. Models are discussed that consider a transition from a small internal strain of the crust to viscous flow during exhumation.
Terra Nova, 14, 263-270, 2002 Correspondence Fig. 1 Tectonic map of the Nordfjord region. Lithologies modified from NGU maps (Kildal, 1970; Tveten et al., 1998) , structural data compiled from this study and literature (Bryhni, 1966; Krabbendam and Wain, 1997) . Coesite occurrences from Wain (1997) and Smith (1984) .
Boudinage and migmatization of gneiss during exhumation • L. Labrousse et al. Terra Nova, Vol 14, No. 4, [263] [264] [265] [266] [267] [268] [269] [270] . (Krogh, 1977) . Ductile structures observed in the WGR can be related to the late Caledonian E-W extension event (Andersen, 1998; Fossen, 2000) . E-W stretching and top-to-the-west shearing along the NSDZ is described below. The NSDZ and the underlying gneisses are folded around E-Wtrending axes. Osmundsen and Andersen (2001) showed that this folding is contemporaneous with Devonian sedimentation and E-W stretching. The present study aims to: (i) establish the large-scale structural geometry and position of the UHP-rocks with respect to the lower-grade gneisses in the mapped area; (ii) study the distribution of shear criteria during exhumation; and (iii) constrain the P-T-t evolution.
Regional field study
The NSDZ is almost vertical along the northern limb of the Hornelen syn- The stretching lineation in gneisses, pressure shadows around feldspar augen, boudinage of competent layers in the gneiss, elongated mafic lenses in the E-W direction testify to regional E-W stretching at any scale. The pattern of foliation trajectories allows the recognition of structures at the map scale ( Fig. 1 and Fig. 2 ). North of the NSDZ, steep foliations draw a km-scale dextral shear-band taken to be the ductile expression of the NSD (Krabbendam and Wain, 1997) . The Stadtlandet-Va˚gsøy area, with km-scale pods of gabbro, granulite and peridotite, shows irregular foliations with a major E-W axis of folding. Gneisses in the VanylvenVolda area, situated structurally above the Stadlandet gneiss (profile D, Fig. 2 ), show intensely folded foliations along the E-W axis, contemporaneous with E-W stretching corroborating the constrictional nature of deformation. Locally, augen gneisses show L-tectonite structures as a result of this constriction (Krabbendam and Dewey, 1998) .
Shear criteria are mostly dextral in the vertically foliated parts and top-to-the-west in shallow-dipping domains. The attitude of foliation suggests an asymmetrical shape of the granulitic boudins (profile E, Fig. 2) , compatible with the top-to-the-west sense of shear. This shear is concordant with the deformation along the NSDZ. In the eastern part of the region around Hornindalsvatn, a zone dominated by sinistral shearing is observed (Fig. 1) . The rocks in the Nordfjord area thus appear as a km-scale stretched mass of gneisses bordered on its southwestern side by a dextral shear-band associated with the NSDZ, and on its southeastern side by the Hornindal sinistral shear-band. On restoring the NSDZ to a horizontal position, central parts of the area appear as a corecomplex bounded by a major topto-the-west and a top-to-the-east shear zone (Fig. 3) . The internal parts of this core preserve both gabbros and ultramafics, as well as granulite boudins and coesite-bearing eclogites. The westward sheared and folded gneisses of the Volda-Vanylven area represent the roof for this crustal-scale boudin.
Post-eclogite partial melting
In the Vanylven and Volda regions, the mafic lenses are surrounded by gneisses with evidence of partial melting (Fig. 4h) ; most of them are indeed layered metatexites with 50-90% of mesosome. Gneisses show segregations of quartzo-feldspathic leucosomes and melanosomes constituted by biotite and amphibole. Melts have been collected in veins, orientated either parallel to the foliation, or perpendicular to the direction of extension. Where mafic lenses form trains of boudins, liquids are collected in each boudin neck. Contacts between metabasic lenses and the gneisses are often diffuse with crystallization of large amphiboles in the gneisses and in the margins of the lenses (Fig. 4g) . Quartz veins, fed by the surrounding gneisses, can also cross-cut the metabasic lenses. The migmatization event thus postdates eclogitization and seems synchronous with the retrogression into amphibolite.
Disordered rafts of mesosome contained in nebulites give evidence of postdeformational melting (Fig. 4a) . Other outcrops show stretching and boudinage of melanosomes, and congregation of leucosomes into a net of veins. Gneisses show concentrations of small veins parallel to the axial planes of folds (Y-Z plane; Fig. 4b,c) , locally delineating an axial plane foliation when connected. Lastly, gneisses show layers of melanosomes and leucosomes that were stretched and sheared at a later stage, indicating that the migmatization commenced early in the exhumation-related deformation history. The syn-migmatitic layering observed allows estimation of a fusion rate of 30% (Vanderhaeghe, 2001 ).
Chronological relationships observed at the outcrop scale can be interpreted, at the regional scale, as an indication of the synchronicity of partial melting and stretching of gneiss. Nevertheless, only minor amounts of fusion products are observed. Moreover, no large-scale connections apparently allowed the melts to be collected into plutons. Pegmatoid dykes and sills are uncommon; when observed, they are of decimetric to metric size only. Furthermore, no major Caledonian anatectic granite has been described in the WGR.
Description of migmatites in the Nordfjord area is recurrent in the literature. Bryhni (1966) mentioned migmatites and pegmatites both early and late with regard to gneissic layering, but eventually considered these migmatites as ÔinsignificantÕ. Krabbendam and Wain (1997) locally describe stromatitic, layered gneisses and undeformed pegmatites in the Stadlandet peninsula. The present field observations lead us to point out that (i) moderate partial melting is widespread at the regional scale and (ii) it mostly post-dates eclogitization.
Field evidence shows that not only stretching and migmatization, but also E-W folding and migmatization are contemporaneous. As E-W folding is contemporaneous with Devonian sedimentation (Osmundsen and Andersen, 2001 ), partial melting thus cannot be younger than 370 Ma. Partial melting is thus part of the exhumation history, not a late feature. Andersen et al. (1991 Andersen et al. ( , 1994 show a continuum of E-W extension in Sunnfjord, from the peak pressure to the late greenschist shearing. The decompression path for the Nordfjord area (Fig. 5) stands between H 2 O-fluxed melting curves (Huang and Wyllie, 1981; Stern and Wyllie, 1981; Schmidt, 1993) and dehydration melting curves for crustal rocks Fig. 3 Unscaled schematic cross-section showing the different areas and structural relations on a restored vertical profile. The core of the crustal boudin contains granulites and eclogites (black pods), Stadlandet, Vanylven and Volda are partly migmatized rims sheared to the west with amphibolitized eclogites. The Hornindal shear band is the symetrical limit of the boudin. On top, the ductile shear band associated to the NSD crosscuts these structures to the west. , 1990; Schmidt, 1993) , and (iii) stretching, partial melting and exhumation were contemporaneous in the Nordfjord.
Discussion
The gneisses of the Nordfjord thus form a crustal-scale boudin, comprising preserved Proterozoic protoliths and UHP eclogites in its core and sheared amphibolite facies at its margins. The pervasive partial melting is an important feature of this metamorphic core complex. The NSDZ and the associated dextral megashear-band rework previous structures into sheared mylonites. A 10°dipping detachment would need 560 km of lateral motion to be responsible of 100 km of exhumation. In the WGR, rotation of the detachment zone is unlikely (Krabbendam and Wain, 1997) , as it would mean that the hanging wall of the NSDZ had to be 560 km eastward of its present position, whereas the present front of the chain is only 450 km east of the Nordfjord. It seems more appropriate to limit the role of the NSDZ only to the later stage of exhumation (Andersen and Jamtveit, 1990) . Recently, Wain et al. (2000) argued for stacking of different parts of the WGR characterized by UHP and HP, respectively. Similarly, Terry et al. (2001) have suggested that UHP crustal rocks in the Møre area were exhumed to HP conditions by thrust stacking and then extension and erosion.
Other models consider the whole lithosphere. Chemenda et al. (1995) considered a two-layer continental crust with a viscosity contrast of 10-100. Analogue modelling of subduction of such a crust leads to the individualization of a slice of upper crust exhumed by buoyancy forces during convergence. The exhumation of such a rigid portion of crust was proposed by Andersen et al. (1991) for the WGR with a different mechanism. In their model, Andersen et al. (1991 Andersen et al. ( , 1994 attributed the rapid eduction of the WGR to buoyancy and horizontal stretching triggered by uncoupling of the mantle lithosphere. Dewey et al. (1993) argued that lithospheric delamination triggered exhumation of buried crust, subsequent surface uplift and collapse. Those models consider a continental lithosphere with fixed viscosities; the subducted and exhumed portion of crust remains rigid. According to Andersen et al. (1991) , the rapid uncoupling of the lithospheric mantle allows for a short residence time of crustal material exhumed without thermal equilibration, and therefore keeping a high viscosity. Arguments in favour of this idea come from a model of anatexis in a thickened crust by England and Thomson (1986) , where 20 Myr is necessary for the extraction of granitic liquids from gneisses after their burial.
The pervasive production of melts described here, argues for a significant change of viscosity of subducted continental crust. A model of partial melting in a thickened crust gives short reaction times (Patino Douce et al., 1990) by distinguishing migmatization and anatexis. All studied scenarios lead to migmatization, which (Labrousse, 2001) . Estimates and error bars have been computed with AX 2000 and THERMOCALC 2.7 software (Holland and Powell, 1998; Powell and Holland, 2001 ) for eclogitic assemblages (Garnet, omphacite, phengite, quartz ⁄ coesite ± kyanite, talc, amphibole), amphibolitic gneisses (Garnet, biotite, muscovite, plagioclase, quartz ± epidote, chlorite, kyanite ⁄ sillimanite), green schist gneisses (Chlorite, biotite, muscovite, plagioclase, quartz). Estimates for amphibolitic symplectites in retrogressed eclogites were performed using the amphibole-plagioclase thermometer Hb-Plag (Holland and Blundy, 1994 ) and a clinopyroxene-plagioclase barometer (Perchuk, 1992) . All minerals were analysed by EMPA. Solidus curves are (1) for a wet biotite granite (Stern and Wyllie, 1981) , (2) for a wet muscovite granite (Huang and Wyllie, 1981) , (3) for a wet tonalite (Schmidt, 1993) . (4) and (5) are dehydration melting curves of muscovite and biotite for a muscovite granite and a metapelite, respectively.
Boudinage and migmatization of gneiss during exhumation • L. Labrousse et al. Terra Nova, Vol 14, No. 4, [263] [264] [265] [266] [267] [268] [269] [270] . (Faure et al., 1999) . The crustal behaviour inferred from field study in the Shuswap dome by Vanderhaeghe (2000) takes migmatization into account. Thermal reequilibration generates a partly molten lower crust, responsible for the collapse of the thickened crust. Even if extrapolation of laboratory results for rheologies of partially molten rocks to natural phenomena is not possible in a quantitative way (Sto¨k-hert and Renner, 1998) , one can infer changes of viscosity for migmatites. Local stress enhancement resulting from replacement of grains with liquid, and enhanced kinetics of diffusion owing to short circuit in the melt (Kohlstedt et al. 2000) must lower rock viscosity. For water-saturated olivine-basalt systems, a fusion rate of 30% led to a viscosity divided by 10 4 (Mei and Kohlstedt, 1999) . Experiments on granitic rocks (Rutter and Neumann, 1995) showed that bulk ductility of partially molten granite is sensitive to fusion rate. A fusion rate of 30% leads to a decrease of effective viscosity of four orders of magnitude (Vanderhaeghe, 2001) .
The migmatites might then have played the role of muddy serpentines or marbles in corner flow models (Shreve and Cloos, 1986) and allow exhumation of dense crustal material. Burov et al. (2001) proposed a fully coupled thermomechanical model to test scenarios of HP rocks exhumation. In all cases high rates of exhumation are observed in the subducting channel. Exhumation is the result both of the shear flow resulting from the overriding plate and of the buoyancy of the crustal material which was heated at depth where it acquired a low viscosity. The exhumation of the WGR might be ruled by such a behaviour.
It is certainly not yet possible to conclude that migmatization occurred in the very first stages of exhumation and other mechanisms were probably at work in the deep parts of the subduction channel. After stacking of crustal slices, migmatization of continental material would soften the crust enough to allow upward flow in the subduction channel during convergence. Influx of H 2 O-rich fluids is necessary to allow this melting at relatively low temperature (600-650°C). Upper crustal detachements would then overprint these structures with top-to-the-west mylonitization in the last stages of exhumation.
